Use of primary production by benthic invertebrates in a Louisiana salt-marsh food web by Maddi, Padma
Louisiana State University
LSU Digital Commons
LSU Master's Theses Graduate School
2003
Use of primary production by benthic invertebrates
in a Louisiana salt-marsh food web
Padma Maddi
Louisiana State University and Agricultural and Mechanical College, pmaddi1@lsu.edu
Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_theses
This Thesis is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in LSU
Master's Theses by an authorized graduate school editor of LSU Digital Commons. For more information, please contact gradetd@lsu.edu.
Recommended Citation
Maddi, Padma, "Use of primary production by benthic invertebrates in a Louisiana salt-marsh food web" (2003). LSU Master's Theses.
4033.
https://digitalcommons.lsu.edu/gradschool_theses/4033
USE OF PRIMARY PRODUCTION BY 
BENTHIC INVERTEBRATES IN A 
LOUISIANA SALT-MARSH FOOD WEB
A Thesis
Submitted to the Graduate Faculty of the 
Louisiana State University and 
Agricultural and Mechanical College 
in partial fulfillment of the 
requirements for the degree of 
Master of Science 
in 
The Department of Biological Sciences
by 
Padma Maddi
B. S., Andhra University, India, 1993




























 Long memorable hours were spent in collecting and analyzing samples, which 
would not have been successful without the help of many people. I express my sincere 
appreciation to everyone who has encouraged and assisted me in conducting this study. 
Foremost, I would like to thank my major professor Kevin R. Carman for his 
support, patience, guidance, and his thought provoking suggestions provided throughout 
the course of this research. With his never ending energy and perseverance and the ability 
to express the complicated problems as simple ones provided me with the motivation and 
direction. 
I express my gratitude to the members of my committee: Dr. John W Fleeger, 
Department of Biological Sciences, for his help with identifying meiofauna and in 
preparing this manuscript; Dr. Brian Fry, Department of Oceanography and Coastal 
Studies, for his valuable suggestions and guidance in interpreting data and preparing this 
manuscript, and also for providing his laboratory for stable isotope analyses.  
My special thanks to Dr. Bjoern Wissel, Department of Oceanography and 
Coastal Studies, for his help in running hundreds of samples in the mass spectrometer. 
Thanks also to Jennifer Zukowski for her help sorting samples and Mandy Frake  and 
Hester Sofranko for aiding me in statistical analysis of data.  
This study was supported by NSF (OCE-9818453; awarded to KRC) and Sigma-
Xi. I thank National Science Foundation and Sigma-Xi for their support. 
My friends at Louisiana State University helped me in getting acclimatized to the 
new environment. Sabrina Hymel, Rod Millward, Soraya Silva, Sarahfaye Mahon, 
 iv
Andrea Hamilton, Yasoma Hulathduwa, Tonya Marshall…Thank you all for the warmth 
of your company. 
My friends Jyothi, Sarita, Radhika, Keshav, Deepti, Pallavi, and Kavitha with 
whom I share my happines and my sorrow. Thank you all for being my family and for 
putting up with me through hard times. I love you all! 
Special thanks to my cousin Avinash Maddy, without his encouragement I 


































 A combination of natural abundances of stable carbon and nitrogen isotopes and 
tracer-addition experiments were employed to determine the relative contributions of 
three potential food sources (phytoplankton, benthic microalgae, and Spartina 
alterniflora) to benthic invertebrate fauna of Louisiana salt marshes. Samples of the 
major food sources and the consumers were collected quarterly (summer, fall, winter and 
spring) to analyze the δ13C and δ15N ratios. A simultaneous tracer-addition experiment, in 
which benthic microalgae (BMA) were labeled with NaH13CO3 and 15NH4Cl, was 
conducted in all quarters to determine the relative importance of the BMA to consumers.  
Results indicated that the carbon isotopic ratios of food sources were distinct 
except for an overlap in standard deviations of carbon isotopic values of BMA and 
phytoplankton in fall. Temporal variation in carbon isotopic ratios of phytoplankton and 
BMA was observed. A two - source mixing-model approach using carbon isotope data 
indicated a dependence of harpacticoid copepods on phytoplankton in summer (when 
phytoplankton biomass was highest) and BMA in fall, winter, and spring. However, this 
conclusion was not supported by the tracer-addition data, which showed minimal 13C 
uptake from BMA by copepods. Nematodes (summer, winter, and fall) and ostracods 
(summer, fall, and winter) were primarily supported by BMA for most part of the year. 
Marsh periwinkles (Littoraria irrorata) were partially or completely supported by 
Spartina detritus. The suspension feeding polychaete (S. benedicti) and oyster 
(Crossastrea virginica) populations were supported primarily by phytoplankton. 
Chironomid larvae (Tanypus clavatus) showed evidence of strong seasonal switching 
between BMA and Spartina. These observations indicate significant temporal variation 
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among taxa and within taxa in exploitation of food sources. Finally, data from this study 
suggest that BMA, phytoplankton and Spartina, all contributed to the nutrition of 








Salt-marshes are one of the most productive ecosystems in the world (Sullivan 
and Moncreiff, 1988a). The high productivity of salt marshes supports an array of 
invertebrate and vertebrate fauna by providing nourishment and habitat.  In salt marshes 
of the Southeastern and Gulf of Mexico Coasts of North America, smooth cord grass, 
Spartina alterniflora (‘Spartina’ hereafter) is the dominant macrophyte, and is estimated 
to produce approximately 1100-7600 g dry mass m-2 y-1 (cf. Schubauer and Hopkinson, 
1984). However, live Spartina is not a readily available food source (Gallagher and 
Daiber, 1974) to consumers because its nutritive value is limited (due to low nitrogen 
levels) and most of the carbon is present in highly refractile structural polymers 
(Barlocher et al., 1989). Many invertebrate consumers lack the enzymes necessary to 
digest Spartina tissue (Bjarnov, 1972; Monk, 1976), but decomposition by micro-
organisms can make it available to consumers in the form of enriched detritus. 
It was previously assumed that vascular marsh plants support the nutrition of 
various vertebrate and invertebrate fauna via a detritus-based pathway (cf. Odum and de 
la Cruz, 1967). More recent studies indicate that vascular plants are not the only source of 
nutrition to salt-marsh fauna (e.g., Haines, 1976; Sullivan and Moncreiff, 1990). Other 
types of food sources such as benthic microalgae and phytoplankton may contribute 
significantly towards salt-marsh productivity (Sullivan and Moncreiff, 1990). Algal 
production is more readily utilized by consumers than is vascular plants, and algae are 
richer in nutrients such as nitrogen (Creach et al., 1997). In some systems, benthic 
microalgae (microphytobenthos) and phytoplankton have been shown to contribute 40% 
and 25% of the above ground macrophyte production respectively (Pinckney & 
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Zingmark, 1993). Zedler (1980) showed that algal net primary productivity was 0.8-1.4 
times that of vascular plant net primary productivity in southern Californian salt-marshes. 
However, the relative importance of these food sources in supporting salt-marsh fauna is 
not completely resolved. An understanding of the relative contributions of these food 
sources to the diets of consumers is vital to comprehend the functioning of salt-marsh 
ecosystems. 
One approach previously used to determine the importance of different sources of 
primary production to salt-marsh food webs was to analyze the gut contents of consumers 
(e.g., Gleason, 1986). However, such analyses are qualitative, and do not allow for 
determinations of assimilation. Analysis of natural abundances of stable isotopes can be a 
powerful tool to investigate flow of primary production through food webs (Fry and 
Sherr, 1984; Peterson and Fry, 1987). The use of stable isotopes in ecosystem studies 
involves the comparison of stable isotope ratios (e.g., 13C/12C) between food sources and 
consumers. The advantage of employing stable isotopes in food -web studies is that 
consumers retain the isotopic compositions of the food source(s) that they assimilate (i.e.
‘you are what you eat’; De Niro and Epstein, 1976). However, this approach is successful 
only if the isotopic ratios of food sources can be readily distinguished. The 
photosynthetic process used by C3 plants (e.g., algae) to fix carbon results in lighter 
carbon isotopic values than those of C4 plants (e.g., Spartina) (Smith and Epstein, 1971). 
This difference in fractionation may occur for various reasons (Schimel, 1993) such as 
efficient use of CO2 by C4 plants (Troughton et al., 1974) or differences in enzymatic 
processes (Whelan et al., 1973). Phytoplankton tends to have lighter carbon isotopic 
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values than benthic microalgae because of increased isotopic fractionation in the benthic 
boundary layer (France, 1995).
In addition, stable isotopes of producers and consumers may vary seasonally 
(Carman and Fry, 2002; Moens et al., 2002) and spatially (Deegan and Garritt, 1997; 
Jennings et al., 1997). Consumer stable isotopic ratios reflect those of their food sources 
enriched by 0.5‰ (carbon) to 2.2‰ (nitrogen) due to trophic fractionation (McCutchan et 
al., 2003). Thus, carbon isotopic measurements are primarily used to trace the sources of 
nutrition to consumers, while nitrogen isotopes are used to find the trophic level of a 
consumer relative to primary production. 
The stable isotopic approach has been used in several food web studies to 
estimate the relative use of potential food sources by salt-marsh consumers. Haines 
(1976) reported that the carbon isotopic signatures of the crab, Uca pugnax were weakly
related to those of vascular plants in a Georgia salt marsh. With the aid of stable carbon 
and sulfur, Peterson et al. (1986) showed that mud snails (Ilyanassa obsolete) and 
killifish (Fundulus heteroclitus) were heavily dependent on Spartina detritus for their 
nutrition. Couch (1989) suggested that detrital Spartina may be the predominant source 
of carbon to meiofauna. 
However, other reports indicate that Spartina contribution to salt-marsh food 
webs is eclipsed or equaled by algal producers. In particular, benthic microalgae have 
been shown to be a major source of nutrition to salt-marsh food webs (Pinckney and 
Zingmark, 1993; Sullivan and Moncreiff, 1990; Hughes and Sherr, 1983; Currin et al., 
1995). Unlike vascular plants that provide detrital carbon, benthic microalgae are 
productive year-round (and thus have rapid turn-over rates) and provide newly fixed 
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carbon (Sullivan and Moncreiff, 1990), that is labile and nutritious (Pomeroy and 
Wiegert, 1981; Miller et al., 1996). Single- and dual- isotopic approaches indicate that 
benthic microalgae are the dominant food source to nematodes in intertidal mudflats 
(Riera et al., 1996; Moens et al., 2002). Sullivan and Moncreiff (1990) showed that 
edaphic algae, not Spartina, are the primary source of organic matter to invertebrate and 
vertebrate consumers in Graveline Bay, Mississipi, USA. 
Other studies have concluded that consumers consume a mixture of 
phytoplankton and Spartina or BMA and phytoplankton (e.g., Haines, 1977). Dual-
isotope analyses suggested that filter feeders such as Crassostrea virginica and 
Geukensia demissa of the Great Sippewissett salt marsh depend on a mixture of plankton 
and Spartina detritus (Peterson et al., 1986). At present, there is no agreement in the 
literature regarding the relative importance of different food sources that support salt 
marsh food webs. 
Of particular interest are species that are intermediary in food webs that support 
higher trophic levels. For example, meiofauna (microscopic benthic metazoans; Coull, 
1999), play an important role in food webs serving as a food source for macrofauna as 
well as larval and juvenile fish (cf. McCall and Fleeger, 1995). Meiofauna are 
traditionally defined as those organisms that pass through 1 mm sieve, but are retained on 
63 µm sieve (Higgins and Thiel, 1988). In spite of their potential importance in food 
webs, little is known about the food sources that support their growth. 
It has generally been assumed that meiofauna depend on bacteria and diatoms for 
their dietary requirement. Brown and Sibert (1977) showed that benthic copepod 
utilization of heterotrophically derived carbon was 9 times faster than that of 
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autotrophically derived carbon. Blanchard (1991) suggested that meiofaunal grazing on 
algae may lead to food limitation due to over consumption. Later studies suggest that 
meiofauna preferentially utilize carbon derived from detrital Spartina (Couch, 1989) or 
microphytobenthos and settled phytoplankton (Riera et al., 1996; Moens et al., 2002). 
Stable-isotopic studies that include meiofauna are few due to difficulties in obtaining 
sufficient numbers of individuals for analysis. Moreover, seasonal variation in 
meiofaunal utilization of primary producers or inter-specific differences in exploitation of 
food sources is rarely addressed (Pace and Carman, 1996). 
The objective of this project was to determine the relative use of primary 
producers by benthic meiofauna in a Louisiana salt marsh using stable carbon and 
nitrogen isotopes.  Two basic questions were addressed concerning the relative use of 
primary producers: (1) Does consumer exploitation of different primary producers vary 
temporally during the course of a year? and (2) Do consumers show inter-specific 
differences in utilization of food sources? A separate tracer-addition experiment was 




The objective of this project was to study temporal variations in consumer 
utilization of primary production in a salt marsh food web using stable isotopes (13C and 
15N). The study site was an intertidal mudflat surrounded by Spartina alterniflora cord 
grass located in Terrebonne Bay estuary (29° 15’N, 91° 21’ W) near Cocodrie, Louisiana, 
USA. Tidal amplitudes are low (approximately 0.3 m), salinity ranges from 3-15‰, and 
dissolved oxygen ranges from 3-8 mg L-1. Samples to determine natural abundance and 
isotopic composition of phytoplankton, benthic microalgae, and meiofauna were 
collected at low tide during summer (07.02.01), fall (10.19.01), winter (02.11.02) and 
spring (4.24.02). Two poles were placed on either end of a 10 m transect, approximately 
2 m away from and parallel to the marsh edge. Four replicate cores were collected from 
the mudflat at randomly determined intervals along transect. On each sampling date, a 
parallel NaH13CO3 and 15NH4Cl label-addition experiment was performed to evaluate the 
role of benthic microalgae as a food for meiofauna (described below).  
Major Food Sources 
Phytoplankton: Suspended particulate matter, consisting of a mixture of 
microalgae, zooplankton, microorganisms, and nonliving organic material, was used as a 
proxy for phytoplankon.  Four replicate samples of surface water were collected using 1-
L plastic bottles. Water was filtered using GF/F Whatman filters for pigment analysis. 
The volume filtered varied between 50 to 100 mL. Phytoplankton abundance and 
community structure were analyzed using HPLC (High Performance Liquid 
Chromatography) as described below. 
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The filters for pigment analysis were cut into small pieces and pigments were 
extracted with 5 mL 100% HPLC grade acetone (Fisher Scientific). Acetone extracts 
were filtered twice using syringe filters (Sun International; diameter: 13 mm; pore size: 
0.2 µm) to remove particulates before analysis. The samples were diluted (66 µL sample 
+ 44 µL water) with HPLC quality water (Fisher Scientific) to improve the sharpness of 
peaks, and photopigments were analyzed using HPLC (Wright et al., 1991).   
To analyze stable isotopes, GF/F filters were pre-combusted (350-450°C / 2 h) to 
remove excess carbon and were used to filter water until the filters clogged completely. 
Filters were dried and small circles (diameter 4.5 mm) were removed from each filter 
using a handheld punch. Six of these circles from each replicate were used for analysis of 
stable isotopes.  
Benthic Microalgae: The uppermost 1 cm of sediment from 3.2 cm i.d. butyrate 
cores was collected for analysis of meiofauna and benthic microalgae. Sediment was 
homogenized with a spatula, and then a sub-sample (approximately 300 mg (wet wt.)) 
was collected for HPLC analysis of abundance and community structure of benthic 
microalgae (Buffan-Dubau and Carman, 2000). The remaining sample was fixed in 4% 
formaldehyde for analysis of meiofauna. The sediment sub-sample was freeze-dried 
(Labconco-Freeze dry system) and the dried sample was weighed. Pigments were 
extracted using 5 mL 100% HPLC grade acetone. Samples were sonicated for 30 s, 
bubbled with N2 (to remove oxygen), and incubated in the dark at –80° C. After 
approximately 12 h samples were centrifuged for 10 min at 1500 rpm. The supernatant 
was collected and filtered with syringe filters as above. Acetone extracts were analyzed 
for pigments as described above for phytoplankton pigments.  
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As a proxy for isotopic values of BMA, δ13C values of acetone extracts of 
sediment were determined. Acetone extracts were used because they include an 
enrichment of photosynthetic pigments.  However, the extracts include photosynthetic 
pigments from both living and dead (detrital) algal material, as well as a variety of other 
moderately polar organic material.  Therefore, while the δ13C values of acetone extracts 
are considered as a proxy for BMA values, they do not represent a pure BMA sample. 
Pigments from 4 mL of acetone extract used for HPLC analysis were concentrated by 
evaporating under nitrogen gas using an analytical evaporator (N-Evap). These 
concentrated pigments were dissolved in 15-25 µL of acetone and transferred onto small 
pre-combusted circles (diameter 4.5 mm) of GF/F filters, dried, and analyzed for 13C. 
Spartina alterniflora: Fresh  single leaf blades of S. alterniflora were collected in 
three replicates along the marsh edge. The leaf blades were washed and oven dried and 
finely powdered using a Wig-L-Bug grinder before analyzing for 13C and 15N.  
Vascular Plant Material: Sediment from cores collected for meiofauna was 
washed through 120-µm sieve to concentrate vascular-plant detritus. Detrital plant 
material was handpicked, cleared of any attached materials and transferred to tin cups (5 
x 9 mm). Approximately 500-1000 µg of the detrital material was used for stable-isotopic 
analysis.  
Consumers 
Meiofauna: Sediment fixed in 4% formaldehyde was used for analysis of 
meiofaunal abundance, community composition, and stable-isotopic content. In the 
laboratory sediment samples were washed through a 63-µm sieve and stained with Rose 
Bengal. Major taxa (numerically dominant harpacticoid copepod species, ostracods, 
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nematodes, polychaetes, and chironomids) were enumerated. Specimens of harpacticoid 
copepods belonging to family laophontidae were grouped in to a single taxon (hereafter 
called ‘laophontids’). Laophontids consisted of 2 species Onychocamptus mohammed and 
Paronchocamptus huntsmani in a relative abundance of 80 – 20%. No attempt was made 
to separate these two species because specimens must be dissected to examine 1st leg 
morphology in order identify them. Other than laophontids, two harpacticoid copepods 
namely, Coullana sp. and Pseudostenhelia wellsi were also analyzed. Juvenile 
polychaetes (Streblospio benedicti) and chironomid larvae (Tanypus clavatus) were 
identified to species level. Individuals were handpicked using a tungsten-wire probe. 
Previous studies (Carman and Fry, 2002) determined the number of individuals for each 
species required to provide the necessary biomass for stable-isotope analysis. Based on 
these studies, the necessary number of animals for each group or species were picked and 
cleared of attached debris. Table 1 summarizes the number of individuals collected for 
each species / taxon to analyze stable isotopic-compositions. Animals were transferred to 
small tin cups (3 x 5 mm) as described below.  
A small drop of de-ionized water was placed in each tin cup before transferring 
the animals. Cups were then oven dried (37-40° C)overnight before creasing them in to 
small balls (to minimize the internal air space). To minimize contamination, laboratory 
gloves were used at all times. Ostracods were incubated overnight in 10% HCl to remove 
carbonates associated with their exoskeleton prior to transferring them to cups.  
Macrofauna: Three common macrofauna, marsh periwinkles (Littoraria 
irrorata), oysters (Crassostrea virginica), and fiddler crabs (Uca sp.) were haphazardly 
collected along the edge of the marsh in triplicate when available. An individual animal  
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Table 1: Number of individuals collected for each species / taxon for one replicate to 
analyze δ13C and δ15N.  
 
Consumers Number of individuals / replicate 
Meiofauna  
   Harpacticoid copepods 10 - 20 
  
   Nematodes 40 – 50 
  
   Ostracods 10 – 20 
  
   S. benedicti 3 – 5 
  
   T. clavatus 3 – 5 
  
Macrofauna  
   Littoraria irrorata 1 
  
   Uca sp. 1 
  
   Crassostrea virginica 1 
  
Food source  
   Spartina alterniflora 1 leaf blade 
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of each species was considered as one replicate. All animals were washed with de-ionized 
water and muscle tissue was collected from periwinkles, oysters, and crabs.  Tissues were 
left overnight in 10% HCl to remove carbonates, then freeze dried. Dried tissue was 
ground prior to isotopic analysis. 
Label - Addition Experiment  
A parallel tracer-addition experiment was performed on each sampling date to 
determine the short-term uptake of added NaH13CO3 and 15NH4Cl by consumers through 
the consumption of BMA. Eight cores (7.5 cm i.d.) were collected at random locations on 
the 10-m transect. Overlying water was removed without disturbing the surface sediment. 
Marsh water was filtered with Whatman GF/F filters (diameter 47 mm) to remove 
particulates and phytoplankton. A stock of NaH13CO3 and 15NH4Cl was prepared using 
filtered marsh water and stored at -20° C prior to sample collection. Based on previous 
studies (Carman and Fry, 2002 and Middleberg et al., 2000), it was determined that 72 
mg of NaH13CO3 and 0.326 mg of 15NH4Cl was suitable for each core (33 cm2). Just 
before label additions, stock solutions of NaH13CO3 and 15NH4Cl were diluted using 
marsh water (filtered with Whatman GF/F-diameter 47 mm) to the appropriate 
concentrations and added to each core (a total of 20 mL to each core). Four of the eight 
cores were covered completely with aluminum foil and were used as dark controls to 
measure the uptake of label through non-photosynthetic processes. All the cores were 
incubated for 4 h in ambient sunlight. After 4 h, the top 1 cm of sediment was harvested 
and homogenized with a spatula; a sub-sample (approximately 5 mg) was collected to 
measure isotopic incorporation and benthic microalgal pigment analysis (HPLC). The 
remaining sample was fixed with 4% formaldehyde. In the laboratory, these samples 
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were concentrated on a 63-µm sieve and stained with Rose Bengal. All the samples were 
processed as described above for benthic microalgae and meiofauna.  
Formaldehyde Experiment  
A separate experiment was carried out to determine the effect of formaldehyde on 
meiofaunal natural isotopic signatures. Six cores (3.5 i.d. cm) made of butyrate tubing 
were haphazardly collected along the marsh edge. Three cores were stored frozen at -20° 
C immediately after collection and the remaining 3 cores were fixed with 4% 
formaldehyde. After 6 weeks both frozen and formaldehyde-fixed animals were removed 
and washed in de-ionized water prior to stable-isotope analysis. Meiofauna were sorted 
from all samples as previously described. 
Correction for Acetone Extractions 
Because acetone extracts lipids from the sediment sample, the δ13C values 
measured for BMA were not representative of the total carbon pool of the sample. To 
determine bias associated with analysis of δ13C in acetone extracts, a separate experiment 
was carried out for two sampling periods (winter and spring) using water collected for 
phytoplankton. Surface water collected from the study site was filtered on pre-combusted 
GF/F Whatman filters until they were clogged. The filters were dried and cut into two 
halves. Circular punches from one half of the filter were used to measure non-acetone 
extracted δ13C values. The second half of the filter was extracted as described for 
phytoplankton HPLC analysis and processed as described above for analysis of sediment 
extracts. Mean difference between the δ13C values of non-acetone and acetone extractions 
was used to adjust the δ13C values of BMA in all seasons by subtracting 4‰. 
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Stable Isotopic Analysis 
All samples were analyzed for isotopic content using a Carlo Erba NA 1500 
elemental analyzer linked to a Finnigan Delta Plus ratio mass spectrometer. Because of 
the small biomass of meiofaunal samples the elemental analyzer was modified following 
Carman and Fry (2002). The quartz oxidation and reduction tubes of the normal high-
temperature reactor system were replaced with smaller internal diameter (8 mm) tubes. 
These tubes were filled with regular oxidation (Chromic oxide and silvered cobaltous-
cobaltic oxide) and reduction (elemental Cu, 0.3 mm diameter) packings as specified by 
the manufacturers. Flow rates were adjusted to 40 mL/m for the single-reactor and 65 
mL/m for the 2-reactor system. Appropriate glycine (0.0-0.096 mg) and bovine liver 
(0.25-1.0 mg) standards were used. These standards as well as procedural blanks were 
used to correct for background values of C and N in the samples (Fry et al., 1992). 
 Isotope ratios were expressed as relative values (‰) as defined by the following 
equation: 
δ13C, δ15N = ((Rsample – Rstandard) / Rstandard) x 1000 
where R = 13C / 12C or 15N / 14N. Peedee Belemnite and atmospheric nitrogen were used 
as carbon and nitrogen isotope standards, respectively. δ represent the ratio of heavy (13C 
or 15N) to light isotope (12C or 14N). If the δ value of a sample increases, that indicates 
increase in heavy isotope in that sample. In general, stable isotopic value of a sample is 
described as ‘enriched’ or ‘heavier’ if the amount of heavy isotope is more than light 
isotope and ‘depleted’ or ‘lighter’ if the amount of heavy isotope is less than light 
isotope. 
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The values from tracer-addition experiments were expressed as 13C enrichment 
and 15N enrichment by correcting the δ of experimental values using the δ of natural 
isotope using the following equation:  
13C or 15N  = (((δenriched + 1000)/ (δnatural + 1000))-1) *1000 
 The same equation was used to correct for non-photosynthetic uptake of label by 
meiofauna by replacing δnatural with the δ values of dark controls. 
Statistics 
Seasonal variability among algal (phytoplankton and benthic microalgae) 
abundances and data from the formaldehyde experiment were analyzed by employing one 
-way ANOVA and t-tests respectively. In addition, a two - way ANOVA was performed 
to determine the seasonal variability and inter-specific differences in natural-isotope and 
13C-enrichment data of invertebrate consumers and potential food sources. The data were 
checked for normality and homogeneity of variance assumptions of ANOVA and 
transformed when necessary. When the transformed data did not meet the assumptions, 
the data was tested performing non-parametric tests (Kruskal-Wallis). Because the 
outcome was similar for both ANOVA and non-parametric tests, results from ANOVA 
were used in this study. When significant season, species, or season*species interactions 
were identified (P < 0.05), one -way ANOVA was performed together with a posteriori 
(Tukey’s) tests. All analyses were performed using SAS 8.0 statistical software.   
Mixing - Model Approach 
2 - Source Mixing Model: The contributions of each food source to meiofaunal 
diets were calculated by applying a simple two-source mixing model. A range of 
contributions by each food source was calculated by performing pair-wise calculations 
 15
with δ13C values of each of the other three food sources. Consumer δ13C values were 
adjusted for trophic fractionation by subtracting 0.5‰ (McCutchan et al., 2003).  The 
following equation was used to calculate the contribution of each food source 
f1 + f2 = 1 
3 - Source Mixing Model: The percent contribution of Spartina, BMA and 
phytoplankton were calculated by using a 3-source mixing model. The natural carbon 
isotope data and data from tracer-addition experiments were used for these calculations. 
The following assumptions were made in using this approach: 
1. In tracer-addition experiments, the consumer 13C-uptake was only through the 
consumption of BMA, and 13C-uptake by BMA was > uptake by fauna.  
2. Uptake of 13C by Spartina and phytoplankton was zero. 
3. Spartina, BMA, and phytoplankton were the major food sources available to 
consumers.  Thus, the  δ13C values of consumers must be within the range of 
these three food sources. 
 
Based on assumption 1, the natural isotopic and 13C-enriched values of BMA 
proxy were adjusted according to the isotopically most enriched fauna in each season. 
Fig. 1 shows the 3-source mixing model graph, which was created using the natural and 
enriched isotope values of food sources and consumers. 
Calculations were performed by solving the following: 
f1 + f2 + f3 = 1 
 
To calculate natural isotope contribution 
f1N1 + f2N2 + f3N3 = N of consumer 
 
To calculate enriched isotope contribution 
f1E1 + f2E2 + f3E3 = E of consumer 
 
 Where, 
  f = Food source 
  N = Natural carbon isotope value 












































































Fig. 1: Plots showing the 3-source mixing model approach. The triangle was made of 3 
food sources, one at each corner and consumers were in the center of the triangle (see 




Microalgal Abundances  
 Although temporal variation was not significant, (p = 0.4924), benthic microalgal 
(BMA) biomass as estimated from chl a was highest in fall and winter when mud-flats 
are usually exposed during the day (Fig. 2). BMA chl a concentrations ranged from a 
minimum of 1.2 ± 0.8 (spring) to a maximum of 1.9 ± 0.8 µg cm-2 (winter). 
Phytoplankton abundances significantly varied among seasons (p = 0.0328) and was 
highest in summer. In summer, phytoplankton abundance (34.6 ± 27.1 µg L-1) was 
approximately 3 times higher than in other seasons, and in winter (3.61 ± 0.39 µg L-1) it 
was lowest (Fig. 2).     
Meiofaunal Abundance and Community Composition  
  The meiofaunal community consisted mainly of nematodes, copepod nauplii, 
harpacticoid copepods, ostracods, chironomids, and polychaetes. Temporal variability in 
meiofaunal abundance was pronounced; maximum abundance of all taxa except 
ostracods occurred in winter and minimum abundance occurred in spring (Fig. 3). 
Ostracods were most abundant in spring. Nematodes were the most abundant taxon in all 
seasons except winter when nauplii were dominant (Fig. 3). When averaged over all 
seasons, nematodes accounted for 38% of total abundance, followed by nauplii (33%), 
harpacticoid copepods (20%), ostracods (6%), chironomids (2%), and polychaetes (1%).  
Isotopic Compositions of Potential Food Sources 
Because of the uncertainty involved in identifying the source of detrital vascular 
plant material, the isotopic values of detritus were not used in mixing model calculations. 
































Fig. 2: Microalgal abundances (as Chl a) in the water column (Phytoplankton) and in the 
sediment (BMA) for the different seasons from summer 2001 to spring 2002. n = 4; Error 

































Fig. 3: Abundance of meiofaunal taxa in the uppermost 1 cm of sediment for the different 
seasons from Summer 2001 to Spring 2002. n = 4; Error bars are 1 SD. 
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appendix. As noted in Materials and Methods, samples collected for phytoplankton and 
BMA isotope values were not homogenous, and thus measured isotopic compositions are 
a proxy for these two food sources. In the text below, we use the terms ‘BMA’, and 
‘phytoplankton’ with the understanding the associated isotope values are proxies for the 
true values.  
δ13C values varied significantly among food sources and seasons (Fig. 4, Table 2). 
No significant interaction between season and food source was detected (Table 2). In 
summer, winter, and spring, the δ13C values of all three food sources differed 
significantly by 3 - 10‰. In fall, δ13C values of BMA did not differ from that of 
phytoplankton (Table 3A). In all seasons, δ13C values of phytoplankton were the most 
depleted of the three food sources, while those of Spartina were the most enriched. BMA 
had intermediate δ13C values relative to Spartina and phytoplankton (Fig. 4A).  
Table 3B summarizes the results of one-way ANOVA determined for temporal 
variation in food sources. The δ13C values of Spartina were consistent throughout the 
year (-13.3 to -13.0‰), yet exhibited significant temporal variations. In summer and fall, 
BMA had similar δ13C values, while in winter the values were ~4‰ heavier relative to 
other seasons (Fig. 4A). In spring, the δ13C values of BMA were lighter than in other 
seasons.  However, no significant differences were found among seasons in δ13C values 
of BMA. The δ13C values of phytoplankton varied significantly among seasons (Table 











































Fig. 4: Seasonal variation of δ13C and δ15N of 3 potential food sources. n = 4; Error bars 
are 1 SD. Data for BMA δ15N is unavailable.  
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Table 2. Two-way ANOVAs of isotopic compositions of primary producers for the 
different seasons (summer, fall, winter & spring). A posteriori tests (Tukey’s multiple 
comparisons) compare the four food sources and the seasons. Different superscript letters 
indicate significant differences. 
 
 Factor 
 Source  Season  Source * Season 
    
δ13C p < 0.0001 
Pa    Bb    Sc 
p = 0.0003 
Spa   Sua  Faa  Wib 
p = 0.0862 
    
δ15N p = 0.3243 
Pa    Sa 
p = 0.0315 
Spa  Wab  Faab Sub 
p = 0.0417 
    
B - Benthic microalgae; P - Phytoplankton; S - Spartina; D – Detritus. 
Su - Summer; Fa - Fall; Wi - Winter; Sp – Spring. 
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Table 3. One-way ANOVA and Tukey comparisons of δ13C and δ15N content (A) among 
food sources within seasons, and (B) among seasons within food sources. Comparisons 
are ordered from most depleted to most enriched.  Symbols with different superscripts 
differ significantly.  
A 
Season δ13C δ15N 
   
Summer p < 0.0001 
Pa     Bb     Sc 
p = 0.7362 
 
   
Fall p = 0.0002 
Pa   Ba    Sb 
p = 0.1913 
   
Winter p = 0.0001 
Pa    Bb      Sc 
p = 0.0060 
Pa   Sb 
   
Spring p < 0.0001 
Pa     Bb   Sc 
p = 0.3533 
 
   




Food source δ13C δ15N 
   
BMA p = 0.0543 
Spa   Suab   Faab   Wib 
- 
   
Phytoplankton p = 0.0190 
Spa    Sua    Faab    Wib   
p = 0.0897 
 
   
Spartina p < 0.0001 
Sua   Fab  Wib  Spc 
p = 0.0029 
Faa   Spa  Wiab  Sub 
   
Su - Summer; Fa - Fall; Wi - Winter; Sp - Spring.  
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δ15N values were available only for phytoplankton and Spartina for this study. 
The method used to extract pigments (acetone), extracted only lipids from the sample, 
and thus δ15N values of BMA were unavailable. No significant differences were found 
between δ15N values of Spartina and phytoplankton at any time of the year and season by 
source interaction was also insignificant. δ15N values of phytoplankton did not vary 
significantly among seasons, however, depletion in winter and spring relative to summer 
and fall was observed (Fig. 4B). The δ15N values of Spartina varied significantly among 
seasons having slightly (~ 1‰) enriched δ15N values in summer and winter relative to fall 
and spring (Fig. 4B). 
Isotopic Compositions of Consumers 
Meiofauna: The δ13C values of meiofauna indicated temporal variation in their 
major food sources. Meiofauna had the most depleted δ13C values in summer (-26.7 to -
20.5 ‰) relative to other seasons (-24.9 to -16.6‰) (Appendix A; Figs. 5A – 9A). A two 
- way ANOVA of meiofaunal δ13C values indicated significant differences among 
seasons and species and there was a significant season by species interaction (Table 4). 
Though not significant, δ13C values of most meiofaunal taxa were enriched in winter, 
with taxa clustered between -18 to -23‰.  Within each season, there was a significant 
variation in the δ13C values of individual meiofaunal taxa (Table 4A). In summer, fall, 
and winter, S. benedicti had the lightest δ13C values; while in spring nematode δ13C 
values were lightest. In summer, nematodes and ostracods had heaviest δ13C values. In 
fall and spring, T. clavatus had heaviest δ13C values, while in winter P. wellsi had 
heaviest values (Appendix A). Within seasons no significant differences were found in 
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Fig. 5: Seasonal variation of δ13C (A) and δ15N (B) of copepods and potential food 
sources. n = 3 (copepods) or 4 (food sources); Error bars are 1 SD. Isotopic values of 
copepods have been adjusted for trophic fractionation by subtracting 0.5‰ from δ13C 
















































Fig. 6: Seasonal variation of δ13C (A) and δ15N (B) of nematodes and potential food 
sources. n = 3 (nematodes) or 4 (food sources); Error bars are 1 SD. Summer δ15N values 
are unavailable. Isotopic values of nematodes have been adjusted for trophic fractionation 
by subtracting 0.5‰ from δ13C values and 2.2‰ from δ15N values. 
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Fig. 7: Seasonal variation of δ13C (A) and δ15N (B) of ostracods and potential food 
sources. n = 3 (ostracods) or 4 (food sources); Error bars are 1 SD. Spring δ15N values are 
unavailable. Isotopic values of ostracods have been adjusted for trophic fractionation by 
subtracting 0.5‰ from δ13C values and 2.2‰ from δ15N values. 
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Fig. 8: Seasonal variation of δ13C (A) and δ15N (B) of T. clavatus and potential food 
sources. For T. clavatus n = 3 in summer, fall and winter; n = 2 in winter. n = 4 for food 
sources. Error bars are 1 SD. Isotopic values of T. clavatus were adjusted for trophic 












































Fig. 9: Seasonal variations of δ13C (A) and δ15N (B) of S. benedicti and potential food 
sources. n = 3 (S. benedicti) or 4 (food sources); Error bars are 1 SD. Spring data is 
unavailable. Isotopic values of S. benedicti have been adjusted for trophic fractionation 
by subtracting 0.5‰ from δ13C values and 2.2‰ from δ15N values. 
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Table  4. Two-way anova of isotopic compositions of consumers for four seasons 
(summer, fall, winter & spring). A posteriori tests (Tukey’s multiple comparisons) 




 Consumers Season Consumer * Season 
δ13C p < 0.0001 
La Ca Nab Pbc Oc Tc 
p < 0.0001 
Sua   Spb  Fac  Wic 
p < 0.0001 
    
δ15N p < 0.0001 
Ca Pa Tb 
p < 0.0001 
Spa Faa Wib Sub 
p = 0.0036 
 
    
C - Coullana; P - P. wellsi; L - Laophontids; N - Nematodes; O - Ostracods; S - Streblospio benedicti; 
 T - Tanypus clavatus. 





δ13C values of three harpacticoid copepod species (Coullana sp., P. wellsi and, 
Laophontids), indicating that they shared major food sources (Table 5A; Fig. 5A). 
The δ13C values of most meiofaunal taxa varied significantly among seasons 
(Table 5B). The δ13C values of the Coullana sp., P. wellsi, and laophontids showed 
similar seasonal trends, although P. wellsi values were slightly heavier than those of the 
other two copepod species (Fig. 5A). In summer, the δ13C values of Coullana sp., P. 
wellsi, and laophontids were most similar to those of phytoplankton, while in other 
seasons they were intermediate among food sources (Fig. 5A). 
The δ13C values of nematodes varied significantly among seasons and, unlike 
most meiofaunal taxa, which had heavier isotopic values in winter, nematodes had 
enriched δ13C values in fall (-18.8‰).  δ13C values of nematodes in all seasons were 
intermediate among food sources. Nevertheless, in winter and spring the values were 
closer to those of BMA (Fig. 6A).  
Ostracods had consistent δ13C values throughout the year and did not vary 
significantly among seasons. δ13C values of ostracods were intermediate among food 
sources in all seasons (Fig. 7A).  
The δ13C values of Tanypus clavatus, a larval chironomid, varied greatly among 
seasons.  In summer and spring, the δ13C values were lighter and closer to those of BMA. 
In fall and spring, T. clavatus had heavier (and more variable) δ13C values that were 
closer to δ13C values of Spartina (Fig. 8A).  
Isotopic data for juvenile S. benedicti (polychaete) was available only for 
summer, fall, and winter. The δ13C values of S. benedicti were lighter than those of all 
other meiofauna for these three seasons and did not vary significantly among seasons  
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Table 5. One-way anova of isotopic compositions of consumers for four seasons 
(summer, fall, winter & spring). (A) among meiofaunal consumers within seasons, and 
(B) seasons within meiofaunal consumers. A posteriori tests (Tukey’s multiple 
comparisons) compare four seasons for each consumer. Comparisons are ordered from 
most depleted to most enriched with 13C or 15N. Different superscript letters indicate 
significant differences. 
A 
Seasons δ13C δ15N 
Summer p < 0.0001 Sa  Ca  La  Pa  Tab  Nb  Ob  
p = 0.0028 
Ta  Oab  Cb  Sb  Pb  
Fall p < 0.0001 Sa  Lab  Cb  Obc  Pbc  Nbc  Tc 
p = 0.0036 
Ta  Oa  Ca  Sa  Pab  Nb  
Winter p < 0.0001 Sa  Nb  Tb  Cbc  Lbc Obc Pc  
 p = 0.1567 
Spring p < 0.0001 Na  Ca  Lab  Ob  Pb  Tc 
p = 0.0024 
Ta  Pb  Cb  Nb   
   
C - Coullana; P - P. wellsi; L - Laophontids; N - Nematodes; O - Ostracods; 
S - Streblospio benedicti; T - Tanypus clavatus.  
 
B 
Taxon/species  δ13C δ15N 
Coullana sp. p = 0.0002 Sua   Spb   Fsbc   Wic   
p = 0.1286 
 
Laophontid p < 0.0001 Sua   Spb   Fab   Wic   
- 
P.wellsi p < 0.0001 Sua   Spb   Fab   Wib   
p = 0.0179 
Spa   Faa   Wia   Sub    
Nematodes p = 0.0004 Spa   Wib   Sub   Fab   
p = 0.4263 
 
Ostracods p = 0.2171 p = 0.6304 
Streblospio benedicti p = 0.0981 p = 0.0068 Faa   Wib   Sub       
Tanypus clavatus 
 
p = 0.0022 
Sua   Wiab   Spb   Fab     
p = 0.0003 
Spa   Fab   Sub   Wic   
 
Su - Summer; Fa - Fall; Wi - Winter; Sp - Spring. 
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(Table 5B). The values were most similar to those of phytoplankton in summer and 
winter, while in fall they were intermediate to those of BMA and phytoplankton (Fig. 
9A).  
δ15N values for all four seasons were available only for Coullana sp., P. wellsi 
and, T. clavatus. Those of nematodes, ostracods, S. benedicti and laophontid species were 
measured whenever they were available. δ15N values of meiofauna had a narrower range 
than δ13C values in all the seasons (Appendix A). Similar to δ13C data, δ15N values also 
indicated significant variation in meiofaunal diets among seasons as well as species 
(Table 4).  
In summer, fall, and spring, δ15N values differed significantly among meiofaunal 
taxa, while in winter there were no significant differences (Table 5A). In all seasons, T. 
clavatus had lighter δ15N values than the other meiofaunal taxa (Appendix A). In 
summer, laophontids had heavier δ15N values than the other taxa. In fall and spring, 
heaviest δ15N values were exhibited by nematodes. In winter, laophontids and S. 
benedicti had heaviest values. In fall, δ15N values of harpacticoid copepods, ostracods, 
and S. benedicti did not differ significantly (Table 5A).  
The δ15N values of most meiofaunal taxa varied significantly among seasons 
(Table 5B). Though no significant seasonal differences were found in δ15N values of 
Coullana sp., temporal variation was similar to that of Spartina (Fig. 5B). The δ15N 
values of P. wellsi showed a shift from heavier in summer to lighter in fall, winter, and 
spring. δ15N values of laophontids were available only for two seasons (summer & 
winter) and were indistinguishable (Fig. 5B). 
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Nematodes had heavier δ15N values in fall and spring but lighter in winter; 
however no significant variations were found among seasons (Table 5B).  The δ15N 
values of nematodes were unavailable for summer. The δ15N values of ostracods did not 
differ among the 3 seasons (summer, fall, and winter) for which the data were obtained, 
and the values showed a seasonal trend similar to that of Spartina (Fig. 7B). The δ15N 
values of T. clavatus differed significantly among seasons. In winter T. clavatus had 
enriched δ15N values (7.6‰), while in spring the values were depleted (4.7‰; Fig. 8B). 
Significant seasonal differences were found in the δ15N of S. benedicti, with heavier δ15N 
values in summer and winter, and lighter values in fall (Fig. 9B).   
Dual Isotope Plots: Dual isotope plots of δ13C vs δ15N were created using the 
stable isotope values of food sources and consumers to identify temporal shifts in isotopic 
values of meiofauna. In summer and winter, δ15N values of BMA were taken from 
Carman and Fry, 2002. In fall and spring, δ15N values of BMA were an average of those 
summer and winter values.  
 In summer, the stable isotope values of laophontids, Coullana sp., P. wellsi, S. 
benedicti were clustered around phytoplankton (Fig. 10). T.clavatus and ostracods were 
closer to BMA. Because nematode δ15N values were not available in this season, it was 
not plotted. None of the taxa resembled or fell in proximity to Spartina in summer.  
In fall, isotopic values of Coullana sp, S. benedicti and ostracods clustered around 
BMA, while T. clavatus and P. wellsi were intermediate among the three food sources 
(Fig. 11). In winter, the isotopic values of all consumers except S. benediciti were 
intermediate among the food sources (Fig. 12). S. benedicti was in close proximity to 

























Fig. 10: Plot of δ13C and δ15N values of consumers and potential food sources from 
summer, 2001. Consumer values were adjusted for trophic fractionation by subtracting 
0.5‰ (carbon) and 2.2‰ (nitrogen). The δ15N values of BMA were from Carman and 
Fry, 2002. Co-Coullana sp.; La- Laophontids; Pw- P. wellsi; Sb- S. benedicti; Tc- T. 

























Fig. 11: Plot of δ13C and δ15N values of consumers and potential food sources from fall, 
2001. Consumer values were adjusted for trophic fractionation by subtracting 0.5‰ 
(carbon) and 2.2‰ (nitrogen). The δ15N values of BMA were from Carman and Fry, 


























Fig. 12: Plot of δ13C and δ15N values of consumers and potential food sources from 
winter, 2002. Consumer values were adjusted for trophic fractionation by subtracting 
0.5‰ (carbon) and 2.2‰ (nitrogen). The δ15N values of BMA were an average of 
summer and winter values from Carman and Fry, 2002. Co-Coullana sp.; La- 




intermediate among Spartina, BMA, and phytoplankton (Fig. 13). In summer, fall, and 
spring, there was nearly 2 - 4‰ difference in δ15N values of T. clavatus and food sources 
indicating that its source of nitrogen was different from the potential food sources 
measured (Figs. 10, 11, & 13).  
Macrofauna: The isotopic compositions of Crassostrea virginica, Littoraria 
irrorata, and Uca sp. were measured when they were available. C. virginica exhibited 
depleted δ13C values (-24.5 to -24.2‰) relative to Uca sp. and L. irrorata and the values 
were intermediate between those of BMA and phytoplankton (Fig. 14). Lack of sufficient 
replicates prevented statistical analysis of the data, yet it appears that the diet of C. 
virginica was stable throughout the year.  δ13C values of L. irrorata and Uca sp. were 
available for only summer and fall. L. irrorata δ13C values were heavier than those of 
Uca sp. and C. virginica and the values were closer to Spartina in both seasons. δ13C 
values of Uca sp. were intermediate among food sources in both the seasons (Fig. 14). 
δ15N values were not measured for macrofauna. 
Label-Addition Experiments  
 Results from label-addition experiments showed seasonal differences in the 
uptake of the added 13C by meiofauna from BMA. Label-addition data were unavailable 
for fall. Both light and dark treatment values were corrected for background natural 
isotope values (see methods). Dark controls, representing uptake of label from non-
photosynthetic processes were subtracted from the light treatments to determine the 
amount of label uptake by meiofauna (see methods). Dark controls accounted for 3 - 47% 
























Fig. 13: Plot of δ13C and δ15N values of consumers and potential food sources from 
spring, 2002. Consumer values were adjusted for trophic fractionation by subtracting 
0.5‰ (carbon) and 2.2‰ (nitrogen). The δ15N values of BMA were from Carman and 

































Fig. 14: Seasonal variation of δ13C of C. virginica (oyster), Uca sp. (Crab), L.  irrorata 
(periwinkles) and potential food sources. N = 2 (macrofauna) or 4 (food sources). Error bars 
are 1 SD. Data is unavailable for some seasons due absence of fauna. Isotopic values of 
macrofauna have been adjusted for trophic fractionation by subtracting 0.5‰ from δ13C 
values. 
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In summer, when the BMA abundances were low, uptake of 13C label by 
meiofauna was lower than in winter and spring (Fig. 15). T. clavatus showed strong 13C 
label uptake in summer and spring (548‰ and 1313‰ respectively) and ostracods 
showed strong uptake of label in winter (919‰).  Among all taxa, lowest 13C uptake in 
summer and spring was by S. benedicti (52 and 91‰), whereas in winter P. wellsi uptake 
was lowest (49‰). 
 A significant temporal variation was found in uptake of 13C label by meiofauna; 
however, there were no significant differences among species, and species * season 
interaction was also insignificant (Table 6). In winter, meiofauna significantly differed in 
13C label uptake; in summer and spring, no significant differences were found in label 
uptake among meiofauna (Table 7). 
Formaldehyde Experiment: Nematodes, ostracods and Tanypus clavatus, and 
Coullana sp. were tested for the effect of formaldehyde preservation on stable-isotopic 
signatures. S. benedicti were unavailable at the time of sampling. No significant 
variations were found in isotopic values of frozen and fixed samples of Coullana sp., 
nematodes and T. clavatus (Table 8). The isotopic values of frozen and fixed ostracod 
samples differed significantly. The δ13C values of ostracods fixed in formaldehyde were 
depleted by 5‰ relative to those of frozen (Fig. 16). Although not statistically significant, 






























































Fig. 15: Seasonal variation in uptake of 13C label by meiofauna after 4 h incubation. 13C (‰) are 
values corrected for background isotope values.  Data for fall season is unavailable. n = 4. Error 
bars are 1 SD. Light values were not adjusted for non-photosynthetic uptake of label by 
consumers. Tc- T. clavatus; Os- Ostracods; Ne-Nematodes; Pw- P. wellsi; Co- Coullana sp.; Sb- 
S. benedicti; La- Laophontids. 
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Table 6. Two-way anova of 13C-enrichment of consumers for three seasons (summer, 
winter & spring). A posteriori tests (Tukey’s multiple comparisons) compare consumers 
and seasons. Different superscript letters indicate significant differences. 
  
 Factor 
 Consumers Season Consumer * Season 
δ13C p = 0.0119 
Pa Ca Nab Lab Oab Tb 
p =0.1464 
 
p = 0.4097 
    




Table 7. One-way anova of 13C enrichment of consumers for three seasons (summer, 
winter & spring), among meiofaunal consumers within seasons. A posteriori tests 
(Tukey’s multiple comparisons) compare three seasons for each consumer. Comparisons 
are ordered from most depleted to most enriched with 13C. Different superscript letters 
indicate significant differences. 
 
Seasons δ13C 
Summer 0.1401  
Winter < 0.0001 Pa Ca Sab  Nabc  Lbc Tc Od  
Spring 0.3733 
  
C - Coullana; P - P. wellsi; L - Laophontids; N - Nematodes; 
O - Ostracods; S - Streblospio benedicti; T - Tanypus clavatus.  
 
Table 8. Results of t-tests comparing isotopic compositions of frozen and formaldehyde - 
fixed consumers.  
 
Taxon/species  δ13C δ15N 
Coullana sp. p = 0.8218 p = 0.2932 
Nematodes p = 0.7405 p = 0.5797 
Ostracods p = 0.4725 p = 0.8799 
























Fig. 16: Formaldehyde influence experiment: stable carbon and nitrogen isotope values of 




The primary objective of this study was to determine if meiofaunal utilization of 
food sources varied among and within species throughout the course of a year. Results 
indicate significant temporal and inter-specific differences in isotopic ratios of 
meiofauna. However, temporal variability in the isotopic values of food sources was also 
observed (Fig. 4), which could be responsible for the variability in isotopic values of 
meiofaunal taxa. As argued below, temporal variability of food sources may explain the 
variability of some, but not all the taxa studied. For example, the δ13C values of 
nematodes were not correlated with temporal variation in isotopic values of any 
individual food source (Fig. 6A). 
Food Sources 
Phytoplankton had lighter δ13C values (-26.7 to -23.3‰) than other food sources 
and were consistent with values from a previous study at this site (Carman and Fry, 
2002). Values reported for phytoplankton in this study are lighter relative to many 
literature values (e.g., Currin et al., 1995; Riera et al., 1996). Values similar to those 
reported here are usually reported for low-salinity systems (Deegan and Garritt, 1997; 
Wainright et al., 2000); salinity ranged from 3 to 15‰ the current study. The measured 
δ15N values for phytoplankton in the current study agree with literature values (e.g., 
Currin et al., 1995; Fogel et al., 1989). 
As is typical of C4 plants, the δ13C values of Spartina were heavier (-13.3 to -
13.0‰) than were phytoplankton and BMA (Fig. 4A), and agree with literature values 
(e.g., Sullivan and Moncreiff, 1990; Currin et al., 1995). Even though temporal variation 
of δ13C values of Spartina was statistically significant, the quantity of variation was small 
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relative to that of grazers and other food sources. The δ15N values of Spartina from this 
study (5.8 - 6.7‰) were in the range of values reported in the literature. Peterson and 
Howarth (1987) measured a value of 6‰ for Spartina from Georgia salt marshes; Currin 
et al. (1995) reported values of 3.9‰ and 5.3‰ for transplanted and natural Spartina in 
North Carolina salt marshes; Couch (1989) reported 4.3‰ for salt marshes of the North 
Inlet Estuary, USA. Fresh Spartina isotopic values were considered as detrital Spartina 
values for the reasons explained below. 
Approximately 72% (AFDW) of Spartina alterniflora leaf is made up of 
structural polysaccharides (hemicellulose and cellulose) and 6% is lignin (Benner et al., 
1987). Lignin is depleted in 13C by approximately 6 ‰ relative to polysaccharides.  
Polysaccharides are degraded more quickly than lignin during the process of 
decomposition, and thus the δ13C of Spartina detritus depleted relative to living tissue, 
and the degree of depletion depends upon the degree to which the plant tissue has 
decomposed (a maximum of 6 ‰ depletion detritus when polysaccharides have been 
completely decomposed) (Benner et al., 1987). The conditions (e.g., aerobic / anaerobic 
or surface / below surface) under which decomposition occurs can also affect the isotopic 
composition of Spartina detritus. For example, in a litter-bag experiment Benner et al. 
(1991) found only ~1‰ difference between fresh and decomposed Spartina rhizomes 
after 15 months of degradation. Ember et al. (1987) noted insignificant differences in 
fresh litter (senescent Spartina) and litter degraded on the marsh surface (0.33‰) or 5 cm 
below sediments (2‰). Thus  the depletion of 13C during the process of Spartina 
decomposition is variable, and no single value can be selected from the literature to 
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account for this process. Hence, in our study we considered the isotopic values measured 
for Spartina as detrital Spartina values actually measured. 
The δ13C values of BMA measured in this study were lighter (-24.6 to -20.0‰) 
than most existing literature values for salt marshes. Haines (1976) reported values of -18 
to -16‰ for mudflat benthic algae in a Georgia salt marsh; Currin et al. (1995) measured 
a value of -17.6‰ for BMA in a North Carolina salt marsh. Sullivan and Moncreiff 
(1990) measured lighter δ13C values for edaphic algae (-20.6‰) in a Mississippi salt 
marsh, similar to those reported in this study. They defined edaphic algae as those 
‘inhabiting exposed and sub-tidal sediments which includes diatoms, green, yellow-green 
and blue-green algae’, a definition that is not dissimilar to BMA, which are mixed 
assemblage of a diverse group of microalgae (e.g., diatoms, blue-green algae etc.) that  
inhabit top few millimeters of the sediment surface (cf. Sullivan and Moncrieff, 1988b). 
The δ13C values of BMA in this study were measured from the samples extracted in 
acetone. Acetone extracts lipids from algal pigments as well as other sources (e.g., 
bacteria, sediment organic matter), which could have resulted in depleted δ13C values. 
Although δ13C values did not vary significantly among seasons due to large within-
season variation, there was nearly a 4‰ difference between winter δ13C values and other 
seasons (Fig. 4A). The seasonal pattern of BMA δ13C values resembled that of 
phytoplankton, with enriched values in winter and depleted values in summer, fall, and 
spring.  
Formaldehyde Experiment 
With the exception of ostracods, formaldehyde did not significantly influence the 
isotopic values of the meiofauna examined (Fig. 16). Formaldehyde-fixed Coullana sp., 
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nematodes, T. clavatus exhibited slightly depleted (< 1‰) values relative to frozen 
samples. δ13C values of formaldehyde-fixed ostracods were significantly depleted (~ 5‰) 
relative to frozen ostracods (Table 8). The reason for this differential effect of 
formaldehyde on δ13C values of ostracods is unclear, and merits further investigation. 
Our observations are generally consistent with previous reports of relatively small (0.6 – 
1.5‰) depletion in the δ13C values of animals fixed in formaldehyde (e.g., Kaehler and 
Pakhomov, 2001; Sarakinos et al., 2002, Moens et al., 2002). Formaldehyde effects on 
δ13C values of meiofauna were generally much smaller than the observed differences in 
δ13C values of food sources, and thus do not represent a serious experimental artifact. 
Formaldehyde effects on δ15N of meiofauna were greater than observed for δ13C. 
However, no significant differences between frozen and fixed samples were found for 
Coullana sp., nematodes and T. clavatus. Formaldehyde-fixed ostracod δ15N values were 
significantly depleted (8.1‰) than frozen (9.9‰). In general, all meiofaunal taxa except 
chironomids exhibited depleted δ15N values (0.5 – 1.8‰) relative to frozen samples. 
Chironomids had enriched δ15N values (0.6‰) relative to frozen samples (Fig. 16). The 
influence of formaldehyde on δ15N has been reported to be minimal (0.10 – 0.5‰; 
Sarakinos et al., 2002). However, enrichment in δ15N values rather depletion was noticed 
by Sarakinos et al. (2002), which was attributed to tissue hydrolysis and leaching. The 
reasons for depletion in δ15N values of meiofaunal taxa in this study are unknown. We 
did not use δ15N values for determination of food sources, but our observations suggest 
that formaldehyde effects should be considered as a potentially important artifact in 




Meiofauna: A major limitation in the use of stable isotopes in food-web studies 
lies in the availability of several food sources with similar isotopic ratios. As the number 
of food sources increases, it becomes more difficult to determine the importance of each 
one because the isotopic values of consumers may reflect consumption of a single food 
source or a mixture of two or more food sources. In the current study, isotopic ratios of 
potential food sources were considerably separated except for the overlap in standard 
deviations of δ13C values of BMA and phytoplankton in fall. Isotopic fractionation, 
which occurs as a result of preferential assimilation of lighter isotopes, was also 
considered. The consumer isotopic values were adjusted for fractionation by subtracting 
0.5‰ for carbon, and 2.2‰ for nitrogen on the assumption that meiofauna feed directly 
on the potential food sources measured (McCutchan et al., 2003). Because the δ15N 
values of BMA, macrofauna, and most meiofauna were not available for all seasons, 
consumer diets were analyzed using stable-carbon-isotope values with two different 
approaches: 1. Two-source mixing-model and, 2. Three-source mixing model (see 
methods for details; Phillips and Gregg, 2003).  
2 - Source Mixing Model: Table 9 and Fig. 17A and 17B summarize the relative 
contributions of Spartina, BMA, and phytoplankton to the diets of meiofauna in different 
seasons. In summer, the 2-source mixing-model calculations indicated 87 - 100% 
contribution by phytoplankton to Coullana sp. In fall, winter, and spring, the mixing-
model calculations indicated maximum contributions from BMA (68 - 88%) towards the 
diet of Coullana sp. (Table 9; Fig. 17A). Contributions by Spartina towards the diet of  
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Table  9. Relative contributions of each food source to the diets of meiofauna calculated 
with 2-source mixing model using phytoplankton, BMA and Spartina as end members. 
 
Summer 
 Phytoplankton BMA Spartina 
 Min Max Min Max Min Max 
Coullana sp. 87 100 0 13 0 3 
P. wellsi 45 87 0 55 0 13 
Laophontid 77 95 0 23 0 5 
Nematodes 0 52 0 68 32 48 
Ostracods 0 52 0 68 32 48 
T. clavatus 0 76 0 100 0 24 
S. benedicti 97 99 0 3 0 1 
Fall 
 Phytoplankton BMA Spartina 
 Min Max Min Max Min Max 
Coullana sp. 0 54 0 68 32 46 
P. wellsi 0 44 0 55 24 56 
Laophontids 0 63 0 78 22 38 
Nematodes 0 41 0 52 48 59 
Ostracods 0 53 0 67 33 47 
T. clavatus 0 24 0 30 70 76 
S. benedicti 46 89 0 54 0 11 
Winter 
 Phytoplankton BMA Spartina 
 Min Max Min Max Min Max 
Coullana sp. 0 57 0 71 29 43 
P. wellsi 0 42 0 52 48 58 
Laophontids 0 56 0 70 30 44 
Nematodes 0 69 0 86 14 31 
Ostracods 0 53 0 66 34 47 
T. clavatus 0 65 0 81 19 35 
S. benedicti 75 95 0 25 0 5 
Spring 
 Phytoplankton BMA Spartina 
 Min Max Min Max Min Max 
Coullana sp. 0 65 0 88 12 35 
P. wellsi 0 41 0 56 44 59 
Laophontids 0 63 0 85 15 37 
Nematodes 0 82 0 100 0 18 
Ostracods 0 43 0 58 42 57 
T. clavatus 0 19 0 26 74 81 





























0 20 40 60 80 100  0 20 40 60 80 100  0 20 40 60 80 100  
    
Fig. 17A: The relative contributions of Spartina, BMA, and phytoplankton to the diets of 
three harpacticoid copepods, Coullana sp, Laophontids and P. wellsi. Values were calculated 
with 2-source mixing model and expressed as percent contribution. Each box represents a 
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Fig. 17B: The relative contributions of Spartina, BMA, and phytoplankton to the diets of 
nematodes, ostracods, T. clavatus and S. benedicti. Values were calculated with 2-source 
mixing model and expressed as percent contribution. Each box represents a possible range 
(minimum to maximum) of contribution by individual food source. Spring is unavailable for 
S.benedicti. 
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Coullana sp. ranged from 3 – 46%. The dependence of Coullana sp. on phytoplankton 
and/or BMA as indicated by δ13C values is consistent with previous studies. Coullana sp. 
was shown to feed effectively on planktonic and/or benthic algae (Decho, 1988; Pace and 
Carman, 1997; Buffan-Dubau and Carman, 2000). Based on natural stable-isotope 
analysis, Carman and Fry (2002) concluded that Coullana sp. feeds on BMA. Moreover, 
the dependence of Coullana sp. on BMA and phytoplankton correlated with high 
phytoplankton abundances in summer and relatively high abundances of BMA in winter, 
suggesting that Coullana sp. takes advantage of the most abundant source of food (Fig. 
2). Similar to Coullana sp., P. wellsi also showed a high dependence on phytoplankton in 
summer (45 - 87%). However, unlike Coullana sp., which primarily depended on BMA 
 in fall, winter and spring, P. wellsi exhibited equal dependence on BMA and Spartina in 
these seasons (Table 9). Overall, these observations are consistent with previous reports 
on the diet of P. wellsi. Natural carbon and nitrogen isotope values indicated that P. 
wellsi feeds on phytoplankton in summer and BMA in winter (Carman and Fry, 2002). 
Although the feeding biology of P .wellsi is not completely known, gut-pigment studies 
indicated that it feeds on detrital microalgae (Pace and Carman, 1997). Moreover, P. 
wellsi constructs and lives in a mucus tube that is embedded with sediment and detrital 
particles, and Chandler and Fleeger (1984) hypothesized that P. wellsi grazes on material 
attached to its tube walls. It is possible that detrital Spartina and phytoplankton material 
accumulates in P. wellsi tubes and provides a source of food.  The dependence on 
phytoplankton in the summer may be because of availability of relatively high 
abundances of detrital phytoplankton settling from the overlying water.  Carman 
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(personal communication) has observed benthic diatoms growing on tube walls, which 
may also serve as a food source.  
Isotopic ratios for mixed species of laophontids were determined in this study. 
Mixing-model calculations indicated a 77 – 95% contribution of phytoplankton in 
summer to the diets of laophontids. In fall, winter, and spring, the calculations indicated a 
significant contribution from BMA (75 – 83%). As observed for Coullana sp., Spartina 
contributions to the diet of laophontids ranged from 5 - 40% in all seasons.  
Based on habitat preference and feeding mechanisms, Marcotte (1983) identified 
four types of feeding by harpacticoid copepods. Coullana sp. likely belongs to a group 
that feeds by sorting 3-dimensional food particles (e.g., clusters of diatoms) from the 
sediment. Laophontids may belong to a feeding type that lives and feeds on the edges of 
food particles such as grass blades or sediment particles containing microalgae. P. wellsi 
probably belongs to a group that gleans food particles from the surface of detritus and 
clay floccules. Although, the three harpacticoid copepods differed in their feeding 
mechanisms, the similarities in temporal patterns of their δ13C values suggest that their 
major food source(s) was similar. According to the mixing-model results, in fall, winter 
and spring, Coullana sp. and laophontids were more similar in their dependence on BMA 
as a food source than P. wellsi which showed an equal dependence on Spartina and BMA 
in those seasons. However, all three copepods exhibited a tendency to feed on the most 
abundant food, shifting from one source to other over time. 
The 2-source mixing-model calculations indicated that nematode carbon was 
primarily derived from BMA (68 – 100%) in all seasons except fall, when > 50% of the 
carbon was derived from Spartina (Table 9). In this study mixed species of nematodes 
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were analyzed for stable isotopes to identify their major food source. Analogous to 
harpacticoid copepods, nematodes can be classified into different feeding groups based 
on their mouthparts (Moens and Vincx, 1997). They may be non-selective feeders which 
feed on any food particle that fit in their buccal cavity or they may be epigrowth feeders 
that feed exclusively on microalgae.  Previous research conducted in the same study area 
showed that the δ13C values of the two nematode species were similar to those of 
Spartina (Carman and Fry, 2002). However, we did not separate nematodes according to 
feeding groups, and thus do not know if seasonal changes in diet were related to 
differential abundances of feeding groups.   
The 2-source mixing-model calculations indicated > 60% maximum dependence 
of ostracods on BMA in all seasons except spring, when Spartina was the primary food 
source (Table 9). Based on 14C-grazing assays, Goldfinch and Carman (2000) reported 
that ostracod feeding can represent a substantial portion of total grazing on benthic 
microalgae in Louisiana salt marshes. Olafsson et al. (1999) found that the ostracod 
grazing represented 46% of total meiofaunal grazing on phytodetritus in a laboratory 
feeding experiment. These reports agree with the δ13C data of ostracods which showed 
that they were primarily feeding on BMA. 
In summer and winter, the calculated contributions for T. clavatus indicated > 
90% dependence on BMA. In fall, the dependence shifted to Spartina (60 – 76%). 
However, it is difficult to determine which food source (BMA or Spartina) was important 
to T. clavatus in this season due to large variation among replicates. In spring, 
contributions from Spartina ranged from 63 – 81%. A functional response in T. clavatus 
to increasing algal food availability in a laboratory feeding experiment was also reported 
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(Goldfinch and Carman, 2000). In the current study, it is possible that temporal variation 
in T. clavatus feeding on BMA and Spartina was related to their relative abundance. 
The polychaete S. benedicti had lighter δ13C values than other meiofaunal taxa, 
but exhibited no significant temporal variation. Mixing-model calculations indicated a 46 
– 99% dependence on phytoplankton and < 40% dependence on other two food sources 
in summer, fall, and winter. These results are consistent with observations that S. 
benedicti are usually suspension feeders, which feeds by holding one palp rigidly in the 
water column. In the absence of suspended solids, S. benedicti can also feed on surface 
deposits (Dauer et al., 1981). 
Figs. 17A and 17B shows contributions by phytoplankton, BMA and Spartina to 
each meiofaunal species/taxon in different seasons. Each box in Fig. 17A and 17B 
represents a range of contribution by individual food source as calculated by 2-source 
mixing model. An attempt was made to identify the grouping of meiofauna based on their 
primary food source in each season. In summer, the three harpacticoid copepods and S. 
benedicti were grouped by exhibiting high dependence on phytoplankton and low 
dependence on Spartina. In fall and winter, all meiofaunal species except S. benedicti 
were grouped by exhibiting some degree of dependence on Spartina. In fall and winter, 
T. clavatus showed high dependence on Spartina relative to other species. S. benedicti 
was always dependent on phytoplankton for its nutrition. 
It is worth noting the temporal change in contributions of each food source to 
individual meiofaunal species / taxon. Minimum contribution by phytoplankton was 
‘zero’ to nematodes, ostracods, T.clavatus in all seasons and, harpacticoid copepods in 
fall, winter and spring. Benthic microalgal minimum contribution was always ‘zero’ to all 
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meiofauna, though maximum contributions ranged from 10 – 100%. When contributions 
of a food source ranges from a minimum of ‘zero’, it is difficult to determine the 
importance of that food source to a consumer. In contrast to phytoplankton and BMA, 
minimum contribution by Spartina was always > 10% except in summer. This, 
observation suggests that Spartina was always contributing to the diets of consumers to 
some extent. An increase in Spartina contribution was noticeable in fall and winter 
relative to summer and spring (Figs. 17A & 17B).   
Label - Addition Experiment 
Single-isotopic analysis does not necessarily allow for unequivocal determination 
of major food sources when three or more food sources are available, even if the isotopic 
composition of each food source is distinct. If the isotopic value of a consumer is close to 
that of a food source with a maximum (e.g., Spartina) or minimum (e.g., phytoplankton) 
value relative to all food sources, identification of the major food source is 
straightforward (e.g., S. benedicti in our study).  However, the determination of consumer 
food source(s) becomes increasingly ambiguous as consumer-isotopic values approach 
the mid point of the range of food-source values. In our study, the majority of meiofaunal 
isotopic values, as well as those of BMA, were intermediate among food sources.  Thus, 
we cannot conclude with certainty whether these animals were consuming primarily 
BMA, or some mixture of Spartina, phytoplankton, and/or BMA. As a tool for resolving 
this ambiguity, we employed label-addition experiments to specifically label BMA.  The 
reasoning was that the uptake of added 13C should be proportional to the extent to which 
animals were feeding on BMA.  Specifically, animals that were consuming BMA should 
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become labeled, while those feeding on a mixture of Spartina and phytoplankton should 
not.  
Results of tracer-addition experiments are potentially useful for determining the 
importance of BMA consumption when 2-source mixing-model calculations yield 
ambiguous results. For example, 2-source mixing-model calculations indicated 
significant contributions from both BMA and Spartina towards P. wellsi diet (Table 9). 
Rates of 13C uptake in label-addition experiments would help estimate the relative 
importance of these two food sources to P. wellsi. Uptake of 13C in tracer-addition 
experiments was assumed to be related to feeding on live, photosynthetically active 
BMA. 
Based on previous reports on meiofaunal consumption of BMA, we predicted the 
following rank order (greatest to least) of BMA consumption and corresponding uptake 
of added 13C. T. clavatus > ostracods > nematodes > P. wellsi and Coullana sp. > S. 
benedicti (Goldfinch and Carman, 2000; Buffan-Dubau and Carman, 2000; Blanchard, 
1991; Montagna, 1995; Pace and Carman, 1997; Dauer et al., 1981). Because there were 
no reports concerning laophontid sp. feeding rates, they were not categorized in these 
predictions. 
As predicted, low 13C uptake (~ 90‰) from BMA by S. benedicti was observed in 
all seasons (Fig. 11), which was consistent with our conclusions from natural-isotope data 
that S. benedicti consumed primarily phytoplankton (Fig. 9A). Although the 2-source 
mixing-model calculations indicated significant contributions by phytoplankton to the 
diet of S. benedicti throughout the year, a 0 – 54% contributions by BMA (fall) was also 
indicated by these calculations. The evidence of low label incorporation by S. benedicti 
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helped reduce the ambiguity of mixing-model calculations regarding S. benedicti dietary 
source.  
Label-addition data of T. clavatus, however, did not completely agree with those 
of our predictions or with natural-isotope data. In summer, T. clavatus showed a strong 
label uptake, which was consistent with mixing-model calculations of > 90% dependence 
on BMA. In spring, label uptake was high, but natural isotope data indicated little 
dependence on BMA (Table 9). The reasons for this apparent discrepancy are unclear.  
Natural-isotope data of ostracods suggested primary dependence on BMA as 
calculated by the mixing-model. These observations were consistent with strong uptake 
of 13C by ostracods in tracer-addition experiments, indicating consumption of BMA in all 
seasons (Fig. 15). Ostracod grazing rates were reported to vary with variation in algal 
abundance (Buffan-Dubau and Carman, 2000), a possible functional response to 
availability of food sources. In general, ostracod 13C uptake rates were highest in winter 
and spring, and lowest in summer. The low uptake rate by ostracods in summer was 
possibly related to relatively low abundances of BMA in that season (Fig. 2). 
While the natural isotope data of Coullana sp. and P. wellsi suggested a strong 
dependence on algal carbon, low 13C uptake from BMA was observed in all seasons. 
Adult Coullana females were shown to feed most actively at noon (Buffan-Dubau and 
Carman, 2000), but Coullana is negatively phototactic (Harris, 1977). It is possible that 
Coullana females were not feeding at maximum rates at the time of tracer-addition 
experiments (midday) due to high light exposure to the cores. However, it is worth noting 
that the low 13C uptake from BMA in summer relative to winter and spring correlated 
with that of natural-isotope data, which indicated a strong dependence on phytoplankton 
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in summer.  The minimal uptake of 13C observed for P. wellsi is consistent with the 
conclusion of Pace and Carman (1996) that P. wellsi feeds primarily on detrital algae.   
Relative to Coullana sp. and P. wellsi, laophontids showed more 13C uptake in all 
seasons. As mentioned earlier, there are no reports in the literature regarding laophontid 
feeding habits; however, strong 13C uptake by laophontids relative to the other two 
copepod species, as well as similarities in its δ13C temporal variability with that of BMA 
suggests strong dependence on BMA.  
Based on mixing-model calculations of natural-isotope data, it was concluded that 
the source of carbon for nematodes was mainly BMA in all seasons except fall, while in 
spring the source was Spartina (Table 9). These conclusions differed from nematode 
label-addition data, which showed minimal 13C uptake in all seasons (Fig. 15). Previous 
studies suggest that nematode grazing may significantly impact benthic microalgal 
production (Montagna, 1995), and sometimes may exceed primary productivity 
(Blanchard, 1991).  However, previous studies conducted at this study site indicate that 
nematode grazing has a minimal (<10%) impact on BMA (Carman et al. 1997; Goldfinch 
and Carman, 2000). One possibility that may explain the differences in nematode natural 
isotope data and tracer-addition data is the experiment may not be long enough for 
nematodes to take up the label; however, this possibility may not be valid because it has 
been reported that the uptake of 13C by nematodes was almost instantaneous (< 3 h) 
(Middleburg et al., 2000; Moens et al., 2002).  
3 - Source Mixing Model: A 3-source mixing model was employed to calculate 
the relative contributions of Spartina, BMA and phytoplankton using long-term 
assimilation (δ13C values) and short-term ingestion (13C-enrichment values) of meiofauna  
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Table 10. Relative contributions of each food source to the diets of meiofauna calculated 
with 3-source mixing model using natural stable carbon isotope data and data from 
tracer-addition experiment.  
 
Summer 
 Phytoplankton BMA Spartina 
Coullana sp. 65 35 0 
P. wellsi 70 17 13 
Laophontids 60 40 0 
Nematodes 29 27 44 
Ostracods 31 25 44 
S. benedicti 88 9 3 
T. clavatus 0 100 0 
    
Mean 49 37 14 
S.D. 28 28 19 
 
Winter 
 Phytoplankton BMA Spartina 
Coullana sp. 54 6 40 
P. wellsi 39 6 55 
Laophontids 35 40 25 
Nematodes 61 15 24 
Ostracods 0 100 0 
S. benedicti 92 5 3 
T. clavatus 49 30 21 
    
Mean 47 29 24 
S.D. 28 34 19 
 
Spring 
 Phytoplankton BMA Spartina 
Coullana sp. 59 14 27 
P. wellsi 37 11 52 
Laophontids 55 23 22 
Nematodes 73 26 1 
Ostracods 29 63 8 
S. benedicti - - - 
T. clavatus 0 100 0 
    
Mean 42 40 18 
S.D. 26 35 20 
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(see methods). Table 10 summarizes the percent contribution of each food source to 
meiofaunal diet in different seasons. Similar to the 2-source mixing model, the 3-source 
mixing model indicated that the majority of the fauna measured in this study were 
deriving their carbon mainly from phytoplankton and/or BMA for the most of the year.  
Because the tracer-addition data for fall is unavailable, calculations were performed only 
for summer, winter and spring. 
According to 3-source mixing model Coullana sp., and S. benedicti were 
primarily depending on carbon derived from phytoplankton in all seasons. In summer, 
phytoplankton was the major carbon contributor to P. wellsi, while in winter and spring 
Spartina contributed mainly to its diet. T. clavatus depended on BMA in summer and 
spring, but shifted to phytoplankton in winter. This model showed that ostracods 
depended on Spartina in summer for their carbon but shifted to BMA in winter and 
spring. Laophontids were feeding mainly on phytoplankton in summer and spring but 
changed to BMA in winter. Nematodes exhibited greater dependence on Spartina in 
summer, but shifted to phytoplankton in winter and spring. 
To simplify the mixing model approach for better understanding the contributions 
of algal v. non-algal food sources, phytoplankton and BMA were combined and referred 
to as ‘microalgae’. Averages of δ13C values of phytoplankton and BMA were calculated 
to estimate the contributions of microalgae and Spartina using both the 2-source (natural 
isotope values), and the 3-source mixing-model (isotope-addition data) approaches.  
Figs. 18 and 19 show the relative contributions of microalgae and Spartina to individual 
meiofaunal species/taxa calculated with the 2-source and 3-source mixing models, 
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Fig.18: Relative contributions of Spartina and microalgae to individual meiofaunal species / taxa in different 











































































       
Fig. 19: Relative contributions of Spartina and microalgae to the diets of individual meiofaunal 
species / taxa in different seasons. Percent calculated with the 3-source mixing model using natural 
carbon isotope data and 13C-enrichment values from tracer-addition experiment. A- summer; B- 





primarily supporting the nutrition of meiofauna in all seasons.  However, the results from 
the two models do not completely agree regarding individual meiofaunal species/taxa 
utilization of Spartina and microalgae as food sources. For example, both the models 
show that Coullana sp., S. benedicti, laophontids, and nematodes were feeding mainly on 
microalgae in all seasons. Both the models agree that P. wellsi was depending on 
microalgae in summer, but used Spartina more heavily in winter and spring. The 2-
source model shows that ostracods depended on microalgae in summer, fall, and winter, 
but shifted to greater dependence on Spartina in spring; the 3-source model indicates that 
ostracods were feeding primarily on microalgae in all seasons (Tables 11 & 12). While 
calculating the relative contributions of each food source using the 3-source mixing  
 model, the isotopic values of BMA were adjusted according to the most enriched fauna 
in each season and because Spartina and phytoplankton were not labeled, a value of 
‘zero’ was used for label uptake by them. These adjustments may have lead to 
overestimation of the contributions of microalgae to consumers in 3-source mixing 
model.  
Macrofauna: The mixing-model calculations indicated a strong dependence of 
Crassostrea virginica (60 – 90% contribution) on carbon derived from phytoplankton in 
summer and fall (Fig. 14). In general, these observations are consistent with previous 
studies, which reported that C. virginica from salt marshes are supported by carbon 
derived from phytoplankton (e.g., Haines and Montague, 1979; Sullivan and Moncreiff, 
1990). 
The fiddler crab, Uca sp. had δ13C values closer to BMA, having lighter values in 
summer than in fall (Fig. 14). The mixing-model calculations were unclear as to the  
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Table 11. Relative contributions of each food source to the diets of meiofauna calculated 




  Microalgae Spartina 
Coullana sp. 100 0 
P. wellsi 99 1 
Laophontid 100 0 
Nematodes 59 41 
Ostracods 59 41 
S. benedicti 100 0 
T. clavatus 86 14 
Mean 86 14 
S.D. 19 19  
  Microalgae Spartina 
Coullana sp. 60 40 
P. wellsi 49 51 
Laophontid 70 30 
Nematodes 46 54 
Ostracods 59 41 
S. benedicti 99 1 
T. clavatus 27 73 
Mean 59 41 
S.D. 22 22  
  
Winter Spring 
  Microalgae Spartina 
Coullana sp. 63 37 
P. wellsi 46 54 
Laophontid 62 38 
Nematodes 76 24 
Ostracods 59 41 
S. benedicti 100 0 
T. clavatus 72 28 
Mean 73 32 
S.D. 16 16  
  Microalgae Spartina 
Coullana sp. 75 25 
P. wellsi 43 52 
Laophontid 72 28 
Nematodes 94 6 
Ostracods 50 50 
S. benedicti   
T. clavatus 22 78 
Mean 59 40 
S.D. 24 24 
 67
Table 12: Relative contributions of each food source calculated using 3-source mixing 
model with phytoplankton, BMA and Spartina as end members. The contributions of 
BMA and phytoplankton were presented together as microalgae. 
 
Summer 
 Microalgae Spartina 
Coullana sp. 99 1 
P. wellsi 86 14 
Laophontids 98 2 
Nematodes 55 46 
Ostracods 54 46 
S. benedicti 96 4 
T. clavatus 100 0 
   
Mean 84 16 
S.D. 21 21 
 
Winter 
 Microalgae Spartina 
Coullana sp. 60 40 
P. wellsi 45 55 
Laophontids 74 26 
Nematodes 76 24 
Ostracods 100 0 
S. benedicti 97 3 
T. clavatus 79 21 
   
Mean 76 24 
S.D 19 20 
 
Spring 
 Microalgae Spartina 
Coullana sp. 72 28 
P. wellsi 48 52 
Laophontids 78 22 
Nematodes 98 2 
Ostracods 91 9 
S. benedicti - - 
T. clavatus 100 0 
   
Mean 81 19 
S.D. 20 20 
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relative importance of phytoplankton (60%) and BMA (85%) towards the diet of Uca sp. 
Because no separate label-addition experiment was conducted for this species, it is 
difficult to determine the relative importance of these two food sources to Uca sp. Currin 
et al. (1995) reported that Uca sp. from North Carolina salt marshes consumed standing  
dead Spartina and BMA. Based on multiple-isotope measurements, Sullivan and 
Moncreiff (1990) classified Uca sp. as a deposit/suspension feeder that feeds on edaphic 
and planktonic algae with little contribution from Spartina. These reports suggest that 
Uca sp. from this study may be depending on BMA or a mixture of phytoplankton and 
BMA for its diet. 
 The mixing-model calculations indicated a 60 – 95% dependence of L. irrorata 
on Spartina. If L. irrorata fed only on fresh Spartina, the δ13C values should be enriched 
relative to Spartina. However, L. irrorata δ13C values were depleted relative to Spartina 
in both seasons. Contributions by Spartina and its associated epiphytic microalgae to the 
diet of L. irrorata may explain these values. Currin et al. (1995) reported that L. irrorata 
from North Carolina salt marshes was primarily supported by standing dead Spartina and 
benthic microalgae. Silliman and Bertness (2002) have shown that grazing by L. irrorata 
can have a significant impact on Spartina alterniflora standing crop, thus implying that 
Spartina is a an important component of its diet. A separate feeding experiment with 
addition of labeled food sources is required to determine the relative importance of 
different food sources to the diet of L. irrorata.   
Conclusions 
 Invertebrates exhibited strong temporal variability in their utilization of food 
sources as well as inter-specific differences among taxa. The majority of taxa examined 
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appear to thrive on algal (phytoplankton and / or BMA) carbon throughout the year. 
Nevertheless, Spartina may play an important role in the benthic food web. For example, 
ostracods, nematodes, chironomids, and marsh periwinkles showed evidence of 
consuming significant amounts of Spartina. However, unlike periwinkles, feeding 
mechanisms of mudflat meiofaunal / macrofaunal consumers suggest that direct ingestion 
of fresh or detrital Spartina is not probable. Contributions by Spartina to mudflat 
consumers other than periwinkles, as suggested by isotopic data, are likely through 
consumption and assimilation of microbes associated with detritus that gain carbon from 
the breakdown / respiration of carbon fixed by Spartina. Polychaete (S. benedicti) and 
oyster (C. virginica) populations were primarily dependent on carbon derived from 
phytoplankton through out the year.  
The similarities in temporal variability of stable carbon isotope data of 
harpacticoid copepods and food sources suggested that feeding habits of these species 
varied following the variability of food sources (Fig. 5). Some species / taxa, for 
example, nematodes, ostracods exhibited significant temporal variations independent of 
variability in food sources. Other species were constant in their preferred food source in 
spite of the change in the abundance of that food source (e.g., S. benedicti). 
In general, stable-isotope analysis appears to be useful in identifying the food 
sources to invertebrate fauna of Louisiana salt marshes. However, one must use caution 
when interpreting the stable-isotopic ratios of consumers, especially when there is an 
overlap in isotopic ratios of food sources or variability among seasons. However, in the 
current study, data from tracer-addition experiments helped clarify ambiguity in the 
natural isotope data.  
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Understanding the benthic invertebrate exploitation of potential food sources is 
important to understand the complexity of the salt marsh food-web. Meiofauna represent 
one of the main food sources to higher-level consumers such as fish and shrimp (Bell and 
Coull, 1978). This study demonstrates the role of meiofauna as a link between primary 
producers and higher trophic levels in the transfer of organic matter in a salt-marsh food 
web.  
However, further research is needed to more precisely identify the contributions 
of the different food sources and clarify the ambiguity in feeding habits of some of the 
fauna. Future studies on benthic faunal feeding habits should include measuring isotopic 
values for homogenous samples of food sources; reducing the variability among 
replicates in label-addition experiments; finding a way to add label in natural conditions 
rather than in the cores, and labeling food sources other than BMA. 
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Appendix A: Natural carbon and nitrogen isotope data of consumers. Values are not corrected for 
trophic fractionation. 
 Summer, 2001 Fall, 2001 Winter, 2002 Spring, 2002 
Coullana sp. δ13C δ15N δ13C δ15N δ13C δ15N δ13C δ15N 
Rep 1 -26.0 7.9 -19.5 7.4 -19.1 9.1 -22.2 7.0 
Rep 2 -25.0 10.0 -19.1 7.6 -17.0 8.3 -19.6 7.9 
Rep 3 -25.3 8.6 -19.7 7.3 -19.2 7.6 -22.8 7.9 
P. wellsi              
Rep 1 -22.8 10.5 -17.9 8.2 -17.4 7.5 -18.7 6.9 
Rep 2 -24.2 9.4 -18.3 7.0 -16.7 7.4 -18.3 7.9 
Rep 3 -24.6 8.5 -18.0 7.6 -16.4 8.0 -18.0 7.7 
Rep 4 -24.7 7.8 ND ND ND ND ND ND 
Laophontids              
Rep 1 -24.7 10.8 -20.8 ND -18.1 8.2 -21.3 ND 
Rep 2 -25.5 12.0 -20.4 ND -18.2 8.6 -21.2 ND 
Rep 3 ND ND -20.4 ND -18.7 9.8 -21.2 ND 
Nematodes              
Rep 1 -19.9 ND -16.7 8.8 -19.4 7.9 -25.1 11.4 
Rep 2 -19.8 ND -17.6 9.4 -19.5 8.4 -24.0 8.3 
Rep 3 -18.9 ND -19.0 9.2 -19.9 8.6 -22.2 8.6 
Ostracods              
Rep 1 -19.6 8.3 -18.7 7.8 -17.7 7.0 -17.9 ND 
Rep 2 -20.7 8.5 -18.6 8.0 -17.6 7.1 -18.6 ND 
Rep 3 -18.2 7.5 -20.5 6.1 -18.6 9.2 -18.9 ND 
S. benedicti              
Rep 1 -27.4 9.4 -24.4 7.2 -23.1 9.0 ND ND 
Rep 2 -26.7 8.5 -22.9 8.1 -21.2 8.8 ND ND 
Rep 3 -23.0 9.2 -24.3 7.1 -22.7 9.0 ND ND 
T. clavatus              
Rep 1 -23.3 6.4 -13.1 6.3 -18.7 7.3 -15.6 4.2 
Rep 2 -23.1 5.9 -18.0 5.8 -19.7 7.9 -16.2 4.6 
Rep 3 -21.7 6.5 ND ND -19.1 7.7 -14.0 5.3 
C. virginica         
Rep 1 -23.1 ND -23.1 ND -23.1 ND ND ND 
Rep 2 -23.5 ND -23.4 ND -23.2 ND ND ND 
L. irrorata         
Rep 1 -16.8 ND -13.5 ND ND ND ND ND 
Rep 2 -13.5 ND -13.3 ND ND ND ND ND 
Uca sp.         
Rep 1 -17.7 ND -17.7 ND ND ND ND ND 
Rep 2 -22.8 ND -17.5 ND ND ND ND ND 
ND: No data 
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 Summer 2001   Fall 2001 Winter 2002 Spring 2002 
Food sources δ13C δ15N δ13C δ15N δ13C δ15N δ13C δ15N 
BMA         
Rep 1 -25.7 ND -29.8 ND -25.7 ND -27.0 ND 
Rep 2 -28.5 ND -27.9 ND -25.5 ND -27.3 ND 
Rep 3 -27.5 ND -24.0 ND -24.6 ND -27.4 ND 
Phytoplankton              
Rep 1 -26.8 6.4 -26.0 5.7 -21.4 5.4 -26.5 4.2 
Rep 2 -25.8 6.3 -25.6 7.6 -23.4 5.3 -26.7 5.9 
Rep 3 -26.4 7.1 -25.8 6.8 -25.4 5.2 -26.7 6.1 
Rep 4 -26.3 6.9 -25.8 6.8 -22.8 4.8 -26.9 5.7 
Spartina              
Rep 1 -13.3 6.9 -12.9 5.8 -13.0 6.1 -13.2 6.1 
Rep 2 -13.3 6.5 -13.0 5.9 -13.0 6.2 -13.1 6.0 
Rep 3 -13.3 6.7 -13.0 5.8 -12.9 6.7 -13.2 6.0 
Vascular plant detritus              
Rep 1 -20.9 4.0 -22.1 3.1 -20.0 5.2 -19.9 2.5 
Rep 2 -19.8 4.1 -21.0 2.7 -21.2 3.8 -20.8 2.9 
Rep 3 -19.9 2.6 -19.3 3.2 -20.7 4.2 -19.8 2.9 
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Appendix C: Tracer-addition experiment - 13C and 15N-enrichment data of consumers 
(light incubations). Values have not been corrected for back ground (natural) isotope 
values or dark control values. 
 Summer 2001 Winter 2002 Spring 2002 
Coullana sp. δ13C δ15N δ13C δ15N δ13C δ15N 
      
Rep 1 383.9 623.2 61 85.9 145.2 35.2 
Rep 2 119.2 237.9 71.1 71.3 152.1 40 
Rep 3 236.9 356.7 89.6 90 277 40 
Rep 4 ND ND 38.7 29.2 ND ND 
P. wellsi       
Rep 1 118.4 234 40.6 15.1 127.8 22.5 
Rep 2 121.6 175.8 47.8 20.2 259.1 44.4 
Rep 3 145.7 286.9 53.9 34.4 83.7 12.6 
Rep 4 163.5 227.8 63.4 20.7 ND ND 
Laophontid      
Rep 1 207.2 702.3 400 1141.5 433 180.8 
Rep 2 187.2 526.6 535.7 1140 186.3 39.5 
Rep 3 ND ND 271.9 511 ND ND 
Nematode      
Rep 1 483 13.7 42.7 49.8 237.9 10.5 
Rep 2 10.8 13.6 201 324.6 391.4 10.5 
Rep 3 -8.8 62.8 157.4 152 ND 10.5 
Rep 4 60.8 40 85.1 98.6 ND ND 
Ostracod       
Rep 1 395.3 735.2 ND 30.1 ND 15 
Rep 2 56.8 144.1 ND 31.1 36.6 49.7 
Rep 3 29.5 109 762.6 90.7 1644.9 128.2 
Rep 4 52.7 119.5 1031.9 119.2 ND ND 
S. benedicti      
Rep 1 37.9 162.8 OFR 159.4 78.4 28 
Rep 2 76 135.3 91.1 146.6 188.9 58.7 
Rep 3 ND ND ND 96.6 60.7 18.5 
Rep 4 ND ND 34.9 154.4 ND ND 
T. clavatus      
Rep 1 ND 298.6 422.2 586 15.2 20.1 
Rep 2 544.4 415.6 468.5 559.8 1486.8 65.2 
Rep 3 516.9 864.4 279.6 489.7 2324.8 52.5 
Rep 4 ND ND 172.3 431.6 ND ND 
BMA -  food source    
Rep 1 238.9 ND 767.4 ND 511.6 ND 
Rep 2 285.8 ND 207.1 ND 641.5 ND 
Rep 3 28.4 ND 266.5 ND 418.3 ND 
ND: No data 
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Appendix D: Tracer-addition experiment - 13C and 15N-enrichment data of consumers 
(dark incubations). Values are not corrected for back ground (natural) isotope values. 
 Summer 2001 Winter 2002 Spring 2002 
Consumers δ13C δ 15N δ 13C δ 15N δ 13C δ 15N 
Coullana sp.       
Rep 1 54.8 616.4 9.8 165.8 15 65.7 
Rep 2 36.4 473.9 5.1 190 57.5 316.4 
P. wellsi       
Rep 1 34.6 206.6 -0.3 26.7 -8.9 ND 
Rep 2 56.2 211.7 -6.3 31.3 27.4 46.6 
Laophontid      
Rep 1 -21.1 402.1 16.7 774.2 12.8 ND 
Rep 2 -16.8 209 4.3 619.6 -5.5 ND 
Nematodes      
Rep 1 -8.7 ND -11.6 29.3 ND 39.1 
Rep 2 ND 704.4 -5.7 39 ND 40.7 
Ostracods      
Rep 1 11.5 297.8 -3.5 36.1 -4.9 ND 
Rep 2 -10.1 89.8 ND 49.5 15.1 144.4 
S. benedicti      
Rep 3 6.1 184.9 -4.6 163.1 19.8 63.3 
Rep 4 11.2 185.9 39.8 401.7 23.5 105 
T. clavatus      
Rep 1 -2.9 74.5 48.2 134.4 -19.3 184.2 
Rep 2 -3 137.2 ND ND ND ND 
BMA -  Food source     
Rep 1 -19.2 ND -19.1 ND -15.5 ND 
Rep 2 -3.1 ND -1 ND -13.6 ND 
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